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We develop the first systematic theoretical approach to dijet asymmetries in hadron-hadron colli-
sions based on the perturbative QCD (pQCD) expansion and the Sudakov resummation formalism.
We find that the pQCD calculation at next-to-leading order is indispensable to describe the ex-
perimental data, while the Sudakov resummation formalism is vital near the end points where the
pQCD expansion fails to converge due to the appearance of large Sudakov logarithms. Utilizing
our resummation improved pQCD approach, we obtain good agreement with the most up-to-date
fully corrected ATLAS data on dijet asymmetry in pp collisions. Combining with the BDMPS jet
energy loss formalism, we extract the value of jet transport coefficient qˆ0 ∼ 2-6 GeV2/fm for the
quark-gluon-plasma created in PbPb collisions at 2.76A TeV. This work paves the way for a more
complete and deeper understanding of the properties of strongly-coupled QCD medium via the
studies of dijet asymmetries in relativistic heavy-ion collisions.
Introduction — Quantitative study of the strongly-
coupled quark gluon plasma (QGP) created in heavy
ion collisions at the Relativistic Heavy-Ion Collider
(RHIC) and the Large Hadron collider (LHC) is one
of the cutting-edge research topics in high energy nu-
clear physics. High energy jets traversing QGP medium
undergo multiple scatterings with QGP which induces
additional gluon radiation [1–9]. This implies that jets
in a strongly-coupled medium lose energies and receive
additional transverse momenta due to the medium-jet
interaction. Therefore, jet energy loss and transverse
momentum broadening effects can be used as probes to
study the so-called transport properties of QGP [10–13].
In the Baier-Dokshitzer-Mueller-Peigne-Schiff-Zakharov
(BDMPS-Z) jet energy loss formalism [2–5], the signa-
ture of both effects can be attributed to the so-called
jet transport coefficient qˆ, which is defined as transverse
momentum square transfer per unit length and reflects
the density of QGP medium. By computing the nuclear
modification factor for single hadron productions, JET
collaboration has extracted the value of qˆ according to
RHIC and the LHC data [14].
In the era of the LHC, dijet process has become a
vital tool for quantitatively studying the properties of
quark-gluon plasma created in heavy-ion collisions. In
particular, the difference between the distributions of di-
jet asymmetries in PbPb and pp collisions [15–17] reveals
that high energy jets tend to lose a significant amount of
energy when traversing QGP medium created in PbPb
collisions [18–31]. In the BDMPS-Z formalism, jet en-
ergy loss and transverse momentum broadening effects
are two sides of the same coin and tightly related to each
other. In our earlier studies [32–34], we focused mostly
on the studies of the transverse momentum broadening
effect via back-to-back dijet (dihadron and hadron-jet)
azimuthal angular correlation by using the so-called Su-
dakov resummation formalism [35–37].
Previous theoretical studies of dijet asymmetries are
mostly based on Monte Carlo simulations. In this paper,
we present the first systematic investigation of this im-
portant observable based on the pQCD calculation sup-
plemented with the Sudakov resummation at the end
points. First, we find that, similar to event shape ob-
servables such as the thrust in e+e− annihilations, the di-
jet asymmetry in proton-proton collisions can only reach
certain range of the asymmetry distribution at given or-
der in the pQCD expansions. Furthermore, at the end
point where back-to-back dijet configurations dominate,
the Sudakov resummation formalism is switched on since
the pQCD expansion fails to converge. Using this com-
bined theoretical framework, we nicely describe the up-
to-date fully corrected dijet asymmetry data for pp col-
lisions measured by the ATLAS Collaboration [38, 39]
without fine-tuning.1 Using pp results as the baseline,
we add the energy loss effect 2 on the dijet asymmetry
in PbPb collisions based on the BDMPS formalism, and
find qˆ0 ∼ 2−6GeV2/fm for PbPb collisions at 2.76A TeV.
Dijet asymmetry in pp collisions — The subject of in-
terest, namely, the dijet asymmetry is defined as AJ ≡
p⊥1−p⊥2
p⊥1+p⊥2
, where p⊥1 and p⊥2 are the transverse momen-
tum of the jet with the largest (leading jet) and second
largest transverse energy (associated jet), respectively.
One often defines a closely related variable xJ ≡ p⊥2p⊥1
with the following one-to-one mapping AJ =
1−xJ
1+xJ
or
xJ =
1−AJ
1+AJ
. In fact, AJ (or xJ) is a rather complex ob-
servable, since it not only involves the amplitude of the
dijet momenta, but also implicitly encodes their angular
distribution due to the underlying transverse momentum
conservation. We should understand the distribution of
1 Despite strong academic and phenomenological interests, all pre-
vious theoretical studies are based on the comparison with the
uncorrected data [15–17] which contains detector artifacts. This
brings significant ambiguities in the quantitative studies of the
energy loss effect. One should only compare our theoretical cal-
culation of dijet asymmetries to the fully corrected data.
2 The contribution from transverse momentum broadening to dijet
asymmetry is found to be negligible numerically as expected.
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2(a) 2→ 2 (b) 2→ 3 (c) 2→ 4
FIG. 1. Illustration of (a) 2→ 2 process with two jets in the
final state; (b) 2→ 3 process with three jets in the final state;
(c) 2→ 4 process with four jets in the final state.
xJ from two different perspectives, namely, perturbative
QCD expansion and Sudakov resummation. PQCD cal-
culation is important in the small xJ region, however it
diverges in the threshold region xJ ∼ 1, where the Su-
dakov formalism becomes extremely useful.
Let us begin with the perturbative QCD expansions as
illustrated in Fig. 1. In collinear framework, tree level
2 → 2 process is the leading order (LO) for inclusive
dijet total cross-section, but it is excluded for observ-
ables like xJ (or AJ) and azimuthal angular correlation
since this process gives trivial results such as xJ = 1,
AJ = 0 and ∆φ = pi, respectively, simply due to trans-
verse momentum conservation. Therefore, as far as the
dijet asymmetry and angular correlation are concerned,
the 2 → 3 and 2 → 4 processes as shown in (b) and
(c), together with the corresponding virtual graphs, cor-
respond to the LO and NLO contributions, respectively.
Based on Ref. [40, 41], which allows one to calculate dijet
cross sections at NLO accuracy, we have numerically cal-
culated xJ distributions and the dijet angular correlation
up to NLO for pp collisions.
Before presenting our numerical results, we first derive
a very interesting lower bound for xJ (upper bound for
AJ) for a given 2 → n event. Assuming the following
three conditions:
1. Total transverse momentum is conserved;
2. Experimental detectors are ideal with 4pi coverage,
which means there are no missing jets;
3. p⊥1 and p⊥2 are the momenta of jets with two
largest transverse momenta,
one can prove that for 2 → n processes, the largest AJ
value that can be reached is n−2n , which corresponds to
the lower bound for xJ =
1
n−1 . Let us denote p⊥i with
i = 1, 2, · · · , n as the transverse momenta of n final state
jets with p⊥1 ≥ p⊥2 ≥ · · · ≥ p⊥n. Using the above
setup together with the transverse momentum conserva-
tion ~p⊥1 + ~p⊥2 + · · ·+ ~p⊥n = 0, we have:
p⊥1 = |~p⊥1| = |~p⊥2 + · · ·+ ~p⊥n|
≤ |~p⊥2|+ · · ·+ |~p⊥n| ≤ (n− 1)p⊥2, (1)
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FIG. 2. Normalized LO and NLO contributions to dijet xJ
distributions computed for pp collisions at 2.76 TeV with
p⊥1 > 100 GeV and p⊥2 > 50 GeV without rapidity cut.
therefore, xJ ≥ 1n−1 and AJ ≤ n−2n for 2→ n processes.
The above lower bound for xJ has interesting and sub-
stantial consequence on the perturbative calculation. For
example, at LO which starts at O(α3s), the smallest value
that one can reach is approximately 12 as shown in Fig. 2,
if the rapidity coverage is large enough which guaran-
tees that missing jets are very rare. In the range where
1
3 < xJ <
1
2 , the NLO [O(α4s)] result becomes the dom-
inant contribution. In the region where xJ <
1
3 , one
has to rely on higher order expansions in order to get
non-vanishing contributions. Following Refs. [42, 43], we
set the normalizations in the perturbative calculations
as 1σLO
dσLO
dAJ
and 1σNLO
dσNLO
dAJ
for the LO and NLO calcu-
lation, respectively.
Another interesting result in Fig. 2 is that the pertur-
bative expansions fails to converge around xJ ∼ 1, where
the LO contribution always tends to become large and
positive, while the NLO contribution always turns large
and negative. It is straightforward to trace the origin of
the divergence of pQCD expansion back to the Sudakov-
type large logarithms when the measured dijets are back-
to-back. This can be clearly seen by studying the dijet
angular correlations in pp collisions using perturbative
calculation and the Sudakov resummation formalism.
In Fig. 3, we plot the dijet angular correlation using at
LO (2→ 3 real process only) and NLO (real and virtual
2 → 3 graphs together with real 2 → 4 contributions)
as well as the Sudakov resummation formalism. The LO
result can qualitatively describe the shape of the large
angle deflection data when ∆φ is far from pi. The nor-
malization of LO result is a bit off, since it is sensitive
to the choice of the factorization scale µ. In addition, it
receives very large and positive logarithmic corrections
[e.g., O(αs ln2 P
2
⊥
q2⊥
)], with ~P⊥ ' ~p⊥1 and ~q⊥ = ~p⊥1 + ~p⊥2,
around ∆φ ∼ pi. The NLO result, which is less sen-
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FIG. 3. The comparison between the CMS data [43] and the
numerical calculation for the azimuthal angular correlation
of dijets in pp collisions at
√
s = 7 TeV in the range 110 <
p⊥1 < 140 GeV and p⊥2 > 30 GeV with rapidity cut |y| < 1.1,
R = 0.5, µ = 2p⊥1 and ∆φ ≡ |φ1 − φ2|.
sitive to µ, improves the LO calculation and matches
the data much better, as expected. However, the NLO
result suffers large but negative logarithmic corrections
[e.g., O(α2s ln4 P
2
⊥
q2⊥
)] around ∆φ ∼ pi. In contrast, the Su-
dakov resummation formalism [36, 37] precisely captures
this type of oscillating feature and resums the alternat-
ing sign series of large logarithmic corrections. The re-
summed result yields the correct description of the data
around ∆φ ∼ pi. We should emphasize that the Sudakov
formalism is only valid when ∆φ is not far from pi, since
it performs the all-order resummation of the large log-
arithmic corrections [e.g.,
∑∞
k=0(−1)kO(
(
αs ln
2 P
2
⊥
q2⊥
)k
)],
but neglects most of finite corrections. In practice, based
on the Born contribution from 2 → 2 process, the Su-
dakov resummation is carried out in the coordinate space
in order to preserve transverse momentum for arbitrary
number of soft gluon emissions.
The result in Fig. 3 clearly shows that the NLO calcu-
lation can reliably describe the dijet physics when ∆φ is
not too close to pi, while Sudakov formalism is essential
in order to describe the back-to-back dijet configurations
for which naive pQCD expansion fails to converge in gen-
eral. The same argument applies to Fig. 2: the divergent
behavior of the LO and NLO results also originates from
the back-to-back dijet configurations, since typical back-
to-back dijet events give xJ ∼ 1. Therefore, in this par-
ticular region, one should replace pQCD expansion with
the resummed calculation.
To compute the xJ and AJ distribution and compare
with experimental data, here we propose to use the fol-
lowing Sudakov resummation improved NLO formula:
1
σ
dσ
dxJ
∣∣∣∣
improved
=
1
σNLO
dσNLO
dxJ
∣∣∣∣
∆φ<φm
+
1
σSudakov
dσSudakov
dxJ
∣∣∣∣
φm<∆φ<pi
, (2)
where φm is the matching point which separates the
phase space in the dijet angular distribution between the
Sudakov formalism and NLO calculation. Here we set
φm as the maximum point of the NLO curve, i.e., around
∆φ = 3 (see Fig. 3), and we have checked that the fi-
nal xJ distribution does not change much with different
choices of φm. A few comments follow the above formula.
First, 1σ
dσ
dxJ
∣∣∣
improved
is, in principle, automatically nor-
malized to unity, since 1σNLO
dσNLO
dxJ
and 1σSudakov
dσSudakov
dxJ
have been properly normalized, respectively. Second, we
believe there is no double-counting when combining two
different formalisms here. As far as the pQCD expansion
is concerned, we have been able to compute the com-
plete cross section at the NLO accuracy. In addition, by
matching with the Sudakov formalism, we have included
all the large logarithms such as
[
αs ln
2 P
2
⊥
q2⊥
]k
at next-to-
leading logarithmic (NLL) level. The contributions that
have been neglected are of O(α5s) and those beyond NLL
approximation. Last but not least, there is no free pa-
rameter in this calculation, since the results are not very
sensitive to choice of the factorization scale µ2 or the
matching point φm.
In Fig. 4, we show the dijet asymmetry xJ distribu-
tions (in pp collisions) from our Sudakov resummation
improved NLO framework, namely Eq. (2), and compare
to the fully corrected data from the ATLAS collabora-
tion [38, 39], for four different p⊥ ranges. We empha-
size that the dijet asymmetry data published in Ref. [15–
17] contain the contributions from experimental artifacts,
such as the detector response and local underlying event
fluctuations, which have to be removed through the so-
called unfolding process before comparing to our theoret-
ical calculations. We can see that dijet asymmetry dis-
tribution in the large xJ region can be nicely described
by our resummation improved pQCD approach. In the
small xJ region, although the shape agrees with the data,
the magnitude is a bit smaller, which is mainly due to the
lower bound xJ =
1
3 . The NLO contribution has to van-
ish near xJ =
1
3 and the Sudakov contribution is also
diminishing very fast there. This implies that higher
order (e.g., next-to-next-to-leading-order) contributions
could become important in the small xJ region in or-
der to fully describe the dijet asymmetry data. We have
checked that this small difference between our theoretical
result and pp data affect very little on the extraction of jet
transport coefficient of QGP created in PbPb collisions
in the following section, when we use xJ distributions in
pp collisions as the baseline.
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FIG. 4. Normalized dijet xJ distributions computed for pp
and PbPb collisions at 2.76A TeV with p⊥1 > p⊥2 > 25 GeV,
R = 0.4 and rapidity cut |y| < 2.1 compared with the fully
corrected data taken from Ref. [38, 39]. The theoretical bands
are obtained by varying qˆ0 from 2 GeV
2/fm to 6 GeV2/fm.
Dijet asymmetry in PbPb collisions — In order to
study the energy loss effect on dijet asymmetry distri-
bution in heavy-ion collisions, and to quantitatively ex-
tract the value of jet transport coefficient, we embed the
above theoretical framework for the dijet asymmetry cal-
culation in a realistic modelling of the collision geometry
and the space-time evolution of the QGP medium sim-
ulated via the OSU (2+1)-dimensional viscous hydrody-
namics code [44, 45]. According to the locations of the
hard collisions and the propagation directions of the pro-
duced jets, we can calculate the amount of energy loss
experienced by each jet traversing the QGP medium. As
a first step, we employ a simple energy loss distribution
derived in the BDMPS formalism [46] to calculate the
energy loss for dijets. In the limit of high energy jet and
small fractional energy loss (i.e., /p⊥  1), the energy
loss  distribution due to multiple soft gluon emissions
can be written as:
D() = α
√
ωc
2
exp
(
−piα
2ωc
2
)
, (3)
where ωc ≡ 12 qˆRL2 and α ≡ 2αs(µ
2
r)CR
pi with CR =
CF (NC) for quark (gluon) jets. For typical value of
µ2r ∼ qˆL ∼ 10 GeV2, the strong coupling αs ' 0.2. Here
we parameterize the quark jet transport coefficient as:
qˆ = qˆ0T
3/T 30 , with T0 = 481 MeV for PbPb collisions
at 2.76A TeV at the LHC. To further simplify the calcu-
lation, we assume all produced jets are gluon jets since
they are the dominant part of measured jets at the LHC
for the trigger jet p1⊥ < 200 GeV. Also to compare our
result with the data in Ref. [38], we have increased the
lower cut for the associated jet p2⊥ > 45 GeV for all
four p⊥ bins. This is motivated by the fact that lower
energy jets measured in PbPb collisions suffer from large
corrections (as mentioned in Ref. [38], the correction for
30 GeV jets can be as large as 40%), while the unfolding
procedure tends to move the associated jet p2⊥ towards
the leading jet p1⊥.
As shown in Fig. 4, qˆ0 ∼ 2-6 GeV2/fm can reason-
ably describe the data in central PbPb collisions at the
LHC, for three relatively low p⊥ bins. For the highest
p⊥ bin (p1⊥ > 200 GeV), the data favors small value of
qˆ0 ∼ 2 GeV2/fm. We believe that this is simply due to
the increase of the quark jet fraction with increasing jet
energies (see the dotted blue curve which is obtained by
assuming all jets are quark jets with qˆ0 = 4 GeV
2/fm).
The above extracted value of qˆ0 amounts to a typical
energy loss of about 20-30 GeV for gluon jets, and this
value is consistent with our previous finding via dihadron
and hadron-jet angular correlation calculation [34]. As-
suming the scaling law qˆ = qˆ0T
3/T 30 , one can find that qˆ
∼ 0.3-0.8 GeV2/fm at T = 250 MeV, which is in agree-
ment with the original BDMPS estimate [3]. The data
also seems to suggest that the energy loss of jets at the
LHC has weak or little dependence on jet energies.
5Conclusion — In summary, we have developed the Su-
dakov resummation improved pQCD formalism to com-
pute the dijet asymmetry distributions for both pp and
PbPb collisions at the LHC energies. Our pp calcula-
tion can well describe the fully corrected dijet asymmetry
data from the ATLAS Collaboration. Combining with
the BDMPS jet energy loss formalism, we have obtained
the jet transport parameter qˆ0 ∼ 2-6 GeV2/fm by com-
paring with the dijet asymmetry data in central PbPb
collisions at 2.76A TeV. This work serves as a bench-
mark calculation without much theoretical ambiguity for
utilizing dijet asymmetry as a quantitative and precise
tool to probe the jet-medium interaction in relativistic
heavy-ion collisions.
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